Fine structure in the α decay of high-spin isomers in 155 Lu(25/2 − ) and 156 Hf(8 + ) has been studied for the first time using αγ-coincidence analysis. Three new α decays from 155 Lu(25/2 − ) and two from 156 Hf(8 + ) have been identified, populating seniority s > 1 states in the N = 82 nuclei 151 Tm and 152 Yb, respectively. The reduced hindrance factors of the α decays support the previous configuration assignments of the populated states. This is the first observation of states with excitation energy greater than 1.5 MeV being populated following α decay in nuclei outside of the 208 Pb region.
I. INTRODUCTION
The establishment of 146 64 Gd 82 as a semi-doubly-magic nucleus [1] [2] [3] In the odd isotones the additional π(h 11/2 ) proton would be expected to couple to these configurations, producing J π = 15/2 − , 19/2 − , 23/2 − , 27/2 − seniority 3, π(h 11/2 ) n multiplet states and J π = 15/2 + , 19/2 + and 23/2 + opposite-parity states. These, again have been observed in the odd isotones listed above, with the energies of the multiplet states being well reproduced by shell-model calculations.
An experimental observable which has not previously been utilised to study these states, however, is α-decay fine structure. The study of fine structure provides α-decay reduced hindrance factors (proportional to the inverse of the reduced decay widths) which are a measure of the overlap of the initial and final nuclear wavefunctions in an α-decay process;
these then indicate the similarities of configurations of the initial and final states. The comparison of reduced hindrance factors to levels in product nuclei from the same initial state can also, therefore, provide evidence for the similarity, or otherwise, of these different final states. Additionally, α-decay fine-structure studies are useful in constructing, or confirming, level schemes populated in product nuclei.
The main experimental challenge in populating states in N = 82 nuclei via α decay is the large excitation energies of their s > 1 states, of around 1. Excited states in 151 Tm were first studied using γ-ray spectroscopy following the decay of a J π = 27/2 − , T 1/2 = 470(50) ns isomer [7] . Four γ-ray transitions were observed, and from intensity comparisons, were determined to have stretched E2 multipolarity. This allowed for the π(h 11/2 ) 5 , s = 3, multiplet sequence to be established. A subsequent investigation identified the γ rays emitted promptly following the production of 151 Tm via fusion evaporation, as well as those from the decay of the isomer [10] . The initial level scheme below the isomer was confirmed, as well as the sequence of three positive-parity states described in Sec. I. Due to the low statistics some of these positive-parity states could only be placed tentatively in the work of Ref. [10] .
The excited states in 152 Yb were first investigated by studying prompt γ rays, as well as those emitted following the decay of the J π = 10 + , T 1/2 = 39(5) µs isomer [10] . A cascade of five γ rays was used to identify levels from the π(h 11/2 ) 6 , s = 2, multiplet sequence, as well as the three negative-parity states. A further investigation was carried out detecting γ rays and conversion electrons emitted following the decay of the isomer in 152 Yb [9] . From this work ,the multipolarities of all the transitions were determined, allowing for a firm assignment of all energies, spins and parities of the levels. The lowest three transitions were also observed following the β decay of 152 Lu [23] . The fusion-evaporation products were separated from other reaction products and unreacted beam ions using the RITU gas-filled recoil separator [29, 30] . They were then implanted into two double-sided silicon-strip detectors (DSSDs), which are part of the GREAT spectrometer 
IV. DATA ANALYSIS
The data analysis was performed using the GRAIN software [33] , which was developed for use with data acquired by the Total Data Readout system [32] . The DSSDs were calibrated using α particles emitted by implanted evaporation residues, or those in their decay chains, produced during the experiment. Hf were small, therefore analysis of coincidences between α particles detected in the DSSDs and γ rays, emitted following the population of excited states in daughter nuclei, detected in the focal-plane clover-detector array was needed to identify them. The absolute efficiency for the detection of γ rays in the focal-plane clover-detector array was determined using GEANT4 Monte Carlo simulations.
Candidates for α decays from fusion-evaporation products were identified as signals in the 
V. RESULTS
The properties of alpha decays identified in the present study are given in Table I . The table gives the following information: the α-particle energies; the α-decay branching ratios; the reduced decay widths; reduced hindrance factors of the decays calculated as described in Sec. VI; the spins, parities and energies of the states populated in the daughter nuclei;
and the total Q values of the decays, which is the sum of the Q value of the α decay and the excitation energy of the final state. Figure 1 coincidences from each of the α-decaying groups are compared with those from the decays to the ground states of the daughter nuclei; shown in Fig. 3 . By setting the decay time on a logarithmic scale a distribution of universal shape with a peak value at the mean lifetime is produced, as detailed in Ref. [36] . The random correlation component, corresponding to a recoil-implantation lifetime per DSSD pixel of around 1.5 s, is also visible.
A. 155 Lu(25/2 − ) → 151 Tm α-decay fine structure Figure 4 shows αγ coincidences gated for α decays from 155 Lu(25/2 − ) (as detailed in Sec.
IV). Spectra of α-particle energies in coincidence with the three γ rays identified from the deexcitation of states in 151 Tm are shown separately in Fig. 2(b-d) . The α particles from 155 Lu(25/2 − ) were identified with the help of the diagonal lines shown on the αγ-coincidence spectrum in Fig. 4 . The lines represent a constant Q T value when summing the γ-ray energy and the α-decay Q value. (dot-dashed line). 
E α = 5928 keV
Coincidences between α particles with E α = 5928(5) keV and γ rays with E γ = 1490 keV are highlighted in Fig. 4(a) , with the projected energies of the γ rays given in Panel (c) and α particles in Fig. 2 is consistent with the Q = 7578(4) keV value for the α decay to the ground state. The logarithm of the decay times of these coincidences, shown in Fig. 3(b) , are also consistent with the distribution of the α decays to the ground state.
E α = 5937 keV
A small number of coincidences between α particles with E α = 5937(15) keV and γ rays with E γ = 1478 keV are highlighted in Fig. 4(a) , with the projection of γ rays given in Panel [7, 10] . Although there are only a small number of coincidences, the clean α particle energy in coincidence with the 1478-keV γ rays, shown in Fig. 2(d) , gives a total decay Q value of 7573(15) keV. As this is consistent with the Q value of the α decay to the ground state of 7578(4) keV it is proposed that the coincidences are associated with the population of the 15/2 − state at 1478 keV in 151 Tm. Further evidence is also provided for this assignment by agreement of the the logarithm of the decay times of the four αγ coincidence events with the distribution from the α decays to the ground state, shown in Fig. 3(c) .
B. 156 Hf(8 + ) → 152 Yb α-decay fine structure Figure 5 shows αγ coincidences gated for α decays from 156 Hf(8 + ) (as detailed in Sec. IV).
Strong contaminant coincidences from the α-decay fine structure of 155 Lu(25/2 − ), discussed previously, are highlighted in a dashed circle and labelled in brackets. The α particles from the 156 Hf(8 + ) isomers were identified with the help of the diagonal line shown on the αγ-coincidence spectrum. The line represents a constant energy for the sum of the α-decay Q value, calculated from the α-particle energy, and the γ-ray energy. 
E α = 6274 keV
Coincidences between α particles with E α = 6274(15) keV and γ rays with E γ = 1531 keV are highlighted in Fig. 5(a) . Panel (b) shows the projection of γ rays in coincidence with 6274-keV α particles (as well as those of 5942 keV to be discussed in the next section). (15) keV is consistent with the value of 7979(5) keV for the α decay to the ground state. Also, the logarithm of the decay times, shown in Fig. 3(d) , compare well with the distribution for the decays to the ground state of 152 Yb.
E α = 5942 keV
The DSSD energies in coincidence with the 1531-keV γ rays are shown in Fig. 5(c) .
Along with the counts associated with the population of the 2 + 1 state there is a cluster of three counts with an energy of 5942 (15) Table I and Fig. 1 give the reduced hindrance factors, HF , for each of the α decays observed. These are found from the reduced decay widths, δ 2 , calculated using the method prescribed by Rasmussen [37] , with the lowest permissible spin change for each α decay con- (circles) from both the ground and isomeric states of the decaying nuclei, there is roughly an order of magnitude increase for the decays from the isomers. The hindrance of an α decay is determined by both the difference in nuclear structure of the initial and final states and also the pairing of the decaying state; this having a large influence on the α-particle preformation factor [38] . In this case, the increase may be attributed to the weakening of pairing correlations produced by the ν(f 7/2 h 9/2 ) configuration of the isomeric states compared with the fully paired ν(f 7/2 ) 2 ground states. For α decays from the isomeric states there is again see roughly an order of magnitude increase for the hindrance factors to the first π(h 11/2 ) 5(6) , s = 3 (2) Recent theoretical attempts have been made to quantify the reduction of pairing in multiquasiparticle isomers which causes an increase in α-decay hindrance compared with ground states [38, 39] . However, the effects of nuclear structure and pairing changes are difficult to deconvolute. Experimental data for the fine structure in α decay from isomeric states in this region, combined with those from nuclei around 208 Pb, will be helpful in determining the effects of reduced pairing on α-decay hindrances.
VII. SUMMARY AND FUTURE WORK
The α-decay fine structure of high-spin isomers in 
